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Abstract—Bentonites are considered suitable backfill material for planned underground nuclear-waste
repositories because of an inherent capacity to self-seal and retain contaminants when hydrated. Barrier
effectiveness, however, depends on the physical properties of bentonite after placement in a repository site,
where hydration state and bulk density can vary. The objective of the present study was to investigate
commercial bentonite MX80 hydration rates and mechanisms during water infiltration into dry, moist, and
wet samples using the ‘wet-cell’ X-ray diffraction technique. During experimentation, water enters a small
flow-through cell and induces swelling within a confined reaction volume, analogous to clay barriers in
excavated underground sites. Results demonstrated the importance of using dry, well compacted
(>1.4 g/cm3) bentonite, which became saturated slowly (<2.0610�9 m/s) with minimal water in non-
interlayer sites (external-surface sites, or within pores). The significant degree of interlayer expansion
dominated by the formation of two and eventually three water layers developed as hydration clusters with
greater probabilities for the same thickness to lie in adjacent interlayer sites. The relatively thicker
particles and the less accessible surface area of hydrated, initially dry bentonite probably resulted in less
pore-controlled diffusion, but also less potential radionuclide adsorption by surface complexation. Moist
MX80 had the greatest water uptake, the smallest (1.23 g/cm3) dry bulk density, and the greatest proportion
of water in pores and on external surfaces. Water that initially accumulated in pore spaces subsequently
acted as a reservoir for interlayer hydration and probable gel formation in trapped voids, which is expected
to occur in more loosely filled gaps within an excavated repository.
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INTRODUCTION

One of the most studied properties of smectite clay

minerals is the ability to adsorb large quantities of water

and other polar substances by the ordered expansion of

the crystal lattice (Hofman and Bilke, 1936; Mooney et

al., 1952; MacEwan and Wilson, 1980; Sposito and

Prost, 1982; Bergaya and Lagaly, 2006). Key to this

property is a structure built of a succession of

tetrahedral-octahedral-tetrahedral 2:1 units with nega-

tive interlayer surface charges due to isomorphous

substitutions balanced by exchangeable cations. During

cation hydration, water molecules arrange into well

defined layers (up to four) within the smectite interlayer

space (Bailey, 1980).

In order to monitor the degree of interlayer expansion

during hydration, a common approach is to study

smectite hydration states by varying the relative

humidity in combination with X-ray diffraction (XRD)

measurements (Mooney et al., 1952; Collins et al., 1992;

Kühnel and van der Gaast, 1993; Chipera et al., 1997;

Ferrage et al., 2005) or bulk-volume measurements

(Likos, 2004). Under such conditions, the amount of

water that is incorporated within the interlayer spaces

has been studied and quantified successfully based on

wa te r -vapo r adso rp t ion -deso rp t ion i so the rms

(Kraehenbuehl et al., 1987; Kahr et al., 1990; Bérend

et al., 1995; Cases et al., 1997).

A number of studies have investigated the free

expansion of smectite particles in water and aqueous

electrolyte solutions (Norrish, 1954; Norrish and Quirk,

1954; Schramm and Kwak, 1982; Laird et al., 1995;

Wilson et al., 2004). Under these conditions, non-

interlayer water might be loosely bound to external

particle surfaces or be present as free water within pores

between particles and aggregates (Prost, 1975; Sposito

and Prost, 1982; Kaufhold et al., 2010; Likos and

Wayllace, 2010). In free-swelling systems, the propor-

tion of water in external pores can increase dramatically

during hydration, such as in Na-bentonites fully

dispersed in low ionic-strength solutions. Osmotic

pressure can expand interlayers, split particles, and

make interlayer surfaces more accessible (Lagaly, 1993,

2006; Salles et al., 2009). The specific surface areas

(SSA) of bentonite powder (external surface area) can be

measured by fitting nitrogen adsorption data to the

Brunauer-Emmet-Teller (BET) equation and the pore-

size distribution can be measured using the Hg-injection

technique (Olson, 1985; Delage and Schanz, 2007).
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Bentonite swelling behavior in confined reaction

volumes has also been studied under conditions that

are analogous to underground waste repositories (Villar,

2007; Warr and Berger, 2007).

Confined volumes result from the limited space

between encased waste material, sealed wall rock, and

within joints and open fissures. Bentonite barrier

construction within this confined space forms a key

part of the multi-barrier concept, which is intended to

limit aqueous fluid penetration and circulation within the

repository core. As a result, experimental quantification

of water incorporation rates and mechanisms within the

bentonite seal is of major importance. The different

water storage sites (interlayers, external surfaces, and

pores) influence sealing mechanisms, adsorption, and

transport in notably different ways. Diffusive transport

of radioactive cationic species could occur in water-

filled voids (pore-water diffusion), along particle sur-

faces, or most slowly through interlayers. Anionic

species should be excluded from interlayers and charged

surfaces (Donnan effect) and diffusive anion transport

should be largely dependent on available pore space

(Pusch, 2006a).

The SSA is an important bentonite seal property

which controls surface phenomena and uptake of organic

and inorganic molecules (Michot and Villieras, 2006).

As the accessible-surface-area increases during particle

expansion, theoretical SSA values of 850 m2/g can be

reached (Michot and Villieras, 2006). However, particles

cannot expand freely under confined-volume conditions

and accessible-surface-area increases will be more

limited. Direct measurements of changes in accessible

surface area during hydration are difficult to obtain

under experimental conditions and are generally not well

constrained.

In order to investigate the essential parameters of

bentonite performance, large-scale in situ experiments

have been developed, such as the mock-up experiment in

Sweden and the Czech Republic or the ‘FEBEX’ (Full-

scale Engineered Barriers EXperiment) of Switzerland

(Lloret and Villar, 2007; Pusch et al., 2007; Villar and

Lloret, 2007). The tests are (almost) full scale and

bentonite buffer performance can be studied under

waste-repository-relevant conditions. Several types of

bentonite material are in use, such as high-density

pellets (Hoffmann et al., 2007), pellet/powder mixtures

(Imbert and Villar, 2006), or highly compressed blocks

(Johannesson et al., 1995). In order to induce swelling

and achieve the desired sealing of the bentonite buffer,

the system can be irrigated and, in the case of

compressed blocks, a system of gaps and joints will

exist (Gattermann et al., 2001). Whereas compacted

blocks and pellets will achieve dry densities of up to

2 g/cm3 (Gattermann et al., 2001; Pusch, 2006b;

Hoffmann et al., 2007), densities in interfacial areas

within pellet mixtures and between blocks and/or the

host-rock formation will be lower (Stroes-Gascoyne et

al., 2008; Perdrial et al., 2009) and result in a different

hydro-mechanical behavior.

Another approach used to study bentonite hydration

under confined-volume conditions is to construct small-

scale laboratory analogues that only simulate selected

parameters, but are significantly cheaper, require less

preparation, and can be monitored more easily. In the

present study, a number of reaction-cell (‘‘wet-cell’’;
Warr and Hoffman, 2003) experiments were conducted

which allowed in situ measurements of bentonite

hydration by XRD techniques. Various bulk densities

could be studied during aqueous solution infiltration

which simulated irrigation events. In combination with

peak calculations (CALCMIX, Plançon and Drits (1999)),

it was possible to (1) obtain kinetics information on

water uptake, (2) quantify water distribution in the

different compacted-bentonite water-storage sites, and

(3) gain important qualitative information on interlayer-

water ordering within smectite particles and determine

accessible-surface-area changes during hydration. The

experimental results are discussed in terms of the

hydration mechanisms at different scales from clay

lattice layer to bulk bentonite for dry and moist MX80

hydration states with varying bulk densities, compared to

a previous study on wet MX80 (Perdrial et al., 2009).

MATERIALS AND METHODS

MX80 bentonite and infiltrating water

MX80 is a bentonite sold commercially by ‘CETCO

France’ and was chosen for this study as an example of

a possible future backfill material (ANDRA, 2005). A

sample was obtained from the manufacturer as raw

material and was used without further purification or

cation exchange treatment. The type of smectite is

montmorillonite, which comprises ~76% of the bulk raw

material. Interlayers are heteroionically occupied by

Na+ and Ca2+ according to the formula (Sauzeat et al.,

2001):

Na0.18Ca0.11[Al1.52Mg0.26Fe(III)0.17][Si3.96Al0.04]O10(OH)2

The remaining mineral fraction (Table 1) consists of

mica, feldspar, quartz, calcite, and pyrite. As the present

study focused on the hydration behavior of the mont-

morillonite, the role of non-swelling accessory minerals

was not taken into account. To avoid complications with

ca t i on exchange reac t i ons , de ion i zed wa te r

(18.2 MO-cm) was used as the infiltrating solution, as

opposed to the natural ground- and sea-water solutions

previously investigated using this type of reaction cell

(Warr and Berger, 2007).

Reaction-cell X-ray diffractometry

The reaction-cell device was described in detail by

Warr and Hofmann (2003), Warr and Berger (2007), and

Perdrial et al., 2009) so only a brief description is

provided here. The reaction cell consists of a small
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disc-shaped Teflon reaction chamber 24 mm in diameter

and 7.7 mm deep (volume = 3.5 cm3). Bentonite powder

was packed into the chamber with a brass rod which

imparted a rough texture parallel to the sample-holder

surface. The reaction cell was sealed using a thin X-ray

transparent Kapton# film held in place with a Teflon#
o-ring seal (Figure 1a). A pressure cap was screwed onto

the top of the cell (Figure 1b) to maintain a constant

reaction volume during experiments. About 200 mL of

solution was placed in an 8 cm tall Teflon# bottle that

was screwed directly onto the cell to allow inflow

(Figure 1c). Filters placed across holes within the

reaction cell prevented powder loss from the chamber.

However, the material swells and seals itself during

experiments and neither solution nor solid-material

losses from the reaction cell were observed.

The pressure cap was removed for XRD measurement

(20�45 min, Figure 1d). During this time no swelling

was observed to change the height of the sample.

Repeated measurements were made at selected intervals

throughout the experiment, enabling sequential XRD

patterns to be plotted against time. Measurement

frequency was adjusted according to the observed rate

of reaction and evaporation was minimized by the

Kapton# film.

Bentonite powder samples with three different water

contents and bulk densities were used (Table 2). The

sample with the smallest amount of initial water (dry

MX80, winitial = 0.01 mL/g, including interlayer water)

had a total bulk density of 1.43 g/cm3 (ftotal). Excluding

all water, this corresponds to a dry bulk density (fdry) of

1.41 g/cm3 (Table 2). A sample with intermediate initial

water content (moist MX80) contained 0.09 mL/g of

water and had smaller bulk densities of ftotal =

1.35 g/cm3 and fdry = 1.23 g/cm3.

The wet MX80 data were taken from Perdrial et al.

(2009), who used the same experimental setup and

conditions and, therefore, comparisons were deemed

valid. The greatest initial water content was 0.23 mL/g

with wet and dry bulk densities = 1.60 g/cm3 and

1.31 g/cm3, respectively. Different initial water contents

were achieved by oven-drying (110ºC) for 2 weeks (dry

MX80), 5 days (moist MX80), or by adding water (wet

MX80) prior to compaction.

Table 1. Characteristics of the MX80 bentonite used in the experiments.

Characteristics of smectite
Amount of smectite (%) Interlayer cation CEC

(meq/100 g)
Surface area

(m2/g)
Layer charge

(eq/(Si,Al)4O10)
~76% montmorillonite Na, Ca 69.6 30.03 0.28

Accessory minerals (%)
Mica Feldspar Quartz Calcite Pyrite
2.8�3.8 4.5 5�6 0.3�1.4 0.5

Data from Sauzeat et al. (2001)

Figure 1. (a) Reaction cell containing powdered MX80 bentonite, sealed with Kapton# film. (b) Closed reaction cell with pressure

cap. (c) Reaction cell with Teflon bottle providing solution. (d) Reaction cell mounted on the sample holder of the X-ray

diffractometer.
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X-ray diffraction

Analyses were carried out using a theta-theta Bruker

Siemens D5000 diffractometer with CuKa radiation,

operated under a potential of 40 kV and a beam current

of 30 mA, with 1º divergent slits and a 0.15º detector

slit. Scanning parameters were 0.02º2y per step with a

10 s count time per step to obtain high-quality

reflections that do not require post-measurement

smoothing. Scan ranges of 2�15º2y were used routinely

to monitor shifting of the smectite 001 reflection

whereas scan ranges of 2�70º2y were used to monitor

hkl reflections at selected intervals. Any intensity

variations between measurements caused by textural

changes in the sample were calibrated by normalizing

the patterns to the 4.26 Å and 3.34 Å quartz reflections.

Quantifying hydration using CALCMIX

The procedure applied to quantify the hydration

structure of smectite interlayers has been described

previously (Warr and Berger, 2007; Perdrial et al.,

2009). Briefly, the water layers were quantified by

comparison with calculated patterns using the CALCMIX

software (Plançon and Drits, 1999), which calculates the

theoretical diffraction patterns of mixed-layer minerals

based on Méring’s (1949) principle. In order to calculate

mixtures of different water-layer structures, the standard

mineral database was modified for montmorillonite

containing 0, 1, 2, 3, and 4 water layers (WL). The

relevant chemical composition and structure of the

MX80 montmorillonite was entered into the program’s

mineral database. The average defect-free domain size

(particle thickness) that best fitted the XRD profiles was

selected for the given hydration state of the samples,

assuming lognormal size distributions (Drits et al., 1997;

Drits et al., 1998). The degree of ordering for mixed-

layered WL structures (the Reichweite) was selected

manually after the other parameters were defined.

Relative WL abundances obtained from CALCMIX

calculations were used to estimate the amount of

interlayer water based on data obtained from isotherm

adsorption experiments (Cases et al., 1992; Bérend et

al., 1995; Cases et al., 1997). As >2 WLs have not been

observed in relative humidity experiments, the amount

of water contained in 3 and 4 WL structures was

extrapolated from the isotherm curves. For calculations,

the following values were used: 1�WL = 0.09 mL/g,

2�WL = 0.18 mL/g, 3�WL = 0.27 mL/g, and 4�WL =

0.36 mL/g. In addition to quantifying interlayer water,

the total water uptake into smectite samples during

hydration was determined by monitoring gravimetrically

the relative weight change of the reaction-cell apparatus

during experimental runs. For this, a precision analytical

balance with a standard deviation of ~0.1 mg was used.

Subtraction of the calculated interlayer water from the

measured total water content yielded the volumes of

surface water and pore water in the samples (i.e. non-

interlayer water: Warr and Berger, 2007; Perdrial et al.,

2009).

Bulk densities were calculated by dividing clay

weight by wet-cell volume. Because even a dry smectite

always contains a certain amount of interlayer water, dry

bulk densities (devoid of interlayer water) had to be

calculated. For this, interlayer water values, calculated

using CALCMIX results for the first XRD measurement,

were subtracted. For the bulk density of wet MX80,

water was added prior to the experimental run and

interlayer water was subtracted to yield the initial

surface water and pore water (Perdrial et al., 2009).

Changes in particle thickness are a common feature

observed during hydration (Tessier, 1990) and can be

used to estimate theoretical increases in accessible

surface area based on the following relationships:

Ds = (ninitial/n)62 (1)

and

SAcalc = 0.5SSABET6Ds (2)

where Ds is the change in number of surfaces, ninitial is

the number of layers per particle (equivalent to stack) in

the dry state, n is the number of layers per particle,

SAcalc is the calculated corresponding surface area, and

SSABET is the measured BET-N2 surface area.

A particle thickness of 19 layers was obtained from

the CALCMIX calculation of the first measurement of

the dry MX80 sample, which was taken as the reference

particle thickness (ninitial) and assumed to correspond to

the measured BET-N2 surface area of 30 m2/g (SSABET).

The method was validated by calculating a ~570 m2/g

maximum surface area for MX80 monolayer particles,

Table 2. Initial (prior to compaction) water contents of the MX80 bentonite powders and corresponding total and dry bulk
densities.

Sample Initial water content (winitial)
(mL/g)

Total bulk density (ftotal)
(g/cm3)

Dry bulk density (fdry)
(g/cm3)

Dry MX80 0.01 1.43 1.41
Moist MX80 0.09 1.35 1.23
Wet MX80 0.23 1.60 1.31

Data for wet MX80 from Perdrial et al. (2009)
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which is close to the value of Michot and Villieras

(2006) for fully dispersed montmorillonite.

Applicability to waste-repository conditions

In the present study, confined-volume conditions

were simulated as an analog for an underground nuclear-

waste repository. The total sample bulk density ranged

between 1.35 g/cm3 and 1.6 g/cm3 when saturated,

corresponding to dry densities between 1.23 g/cm3 and

1.4 g/cm3. These preparations were notably lower than

the compressed bentonite blocks intended for use in a

repository site (up to 2 g/cm3) and were more equivalent

to the bulk densities achieved by using pressed pellets or

less compacted powder to seal interfacial regions such as

gaps around the blocks. The hydration behavior of the

highly compressed bentonite blocks is not addressed in

the present study; further experiments are required.

Definitions

The term ‘particle’ was used here to describe a single

smectite crystallite composed of lattice layers stacked

coherently in the crystallographic c direction and acting

as X-ray scattering domains. The terms ‘particle’ and

‘stack’ are, therefore, used interchangeably. The term

‘aggregate’ refers to a discrete group of two or more

particles that are attached incoherently.

RESULTS AND DISCUSSION

Total water uptake

Compacted material hydration capacities were mea-

sured from the increase in weight after water uptake.

Hydration capacity is largely a function of sample

porosity, which is inversely dependent on bulk density.

However, layer charge and exchangeable cations also

affect water adsorption. Total water uptake by MX80

bentonite and a variety of other Na,Ca-smectites (Warr

and Berger, 2007; Berger, 2008; Perdrial et al., 2009)

plotted against bulk density (Figure 2) revealed three

groups of smectites, based on interlayer cation composi-

tion, and produced good correlations with y-axis

intercepts of ~2.0�2.1 g/cm3. This intercept corre-

sponded to 0 mL water uptake and was close to the

smectite particle density (~2.3�2.5 g/cm3: Grim, 1962;

Lagaly, 2006) which is largely independent of interlayer

cation type.

Despite the common y-axis intercepts, linear-slope

trends vary for Na-smectites and Ca-smectites and

confirm interlayer cation importance in water uptake

with 15% more water in Ca exchange sites. As noted by

Pusch (2006a), textural differences between Na- and

Ca-bentonites become more evident with decreased bulk

density. The MX80 sample is a Na,Ca-bentonite and the

water-uptake values are between those of homoionic

Na-smectite and Ca-smectite.

Water-uptake curves for three different MX80 initial

hydration states (Figure 3) show slow and continuous

hydration. Water uptake by dry MX80 was almost linear

and continuous until ~1490 h with 0.24 mL/g uptake at

1.6610�4 mL/g/h. The rate of uptake then decreased

until 5040 h with a 0.36 mL/g maximum uptake by

experiment end at 7.1610�5 mL/g/h. For the moist

MX80 with an intermediate initial water content, a

water-saturation steady state developed by 3130 h when

the greatest (0.54 mL/g) rate of water absorption at

1.7610�4 mL/g/h occurred. Wet MX80 had the largest

(0.23 mL/g) initial water content and significantly less

(0.32 mL/g) water uptake. The first (0.09 mL/g) water

uptake occurred in just 1998 h whereas uptake of the

remaining water into the cell occurred at a relatively

slow rate (5.1610�5 mL/g/h).

The slow hydration of this heteroionic (Na, Ca)

MX80 showed behavior more typical of Na-bentonites as

opposed to the rapid water uptake of pure Ca-bentonites

(MacEwan and Wilson, 1980; Warr and Berger, 2007)

and was observed in other MX80 hydration studies

(Sauzeat et al., 2001).

The moist MX80 sample took up most water with a

total of 0.54 mL/g (Table 3) because it had the lowest

bulk density and, therefore, should have the highest

capacity for accommodating additional water. However,

it is not the most densely packed sample (dry MX80)

that incorporated the least water. Unexpectedly, the wet

MX80 took in the smallest amount (0.32 mL/g),

probably reflecting textural differences induced during

compaction of the wet paste into the respective disc-

shaped reaction cells. The wetted bentonite showed a

more plastic behavior compared to dry powder samples,

allowing particles and dividing pore voids to orient more

Figure 2. Correlation between bulk density and total water

uptake into smectites and bentonites. Materials containing

predominantly Ca in smectite interlayers (black diamonds) take

in more water than the Na varieties (open gray squares). Water

uptake by Na,Ca-smectite containing MX80 bentonite (gray

diamonds) shows intermediate values.

644 Perdrial and Warr Clays and Clay Minerals



parallel to the direction of water flow. The presence of

such an anisotropy could partly explain the relatively

short time required to reach the point of saturation (after

just 2000 h) and a relative reduction in total water intake

due to the effects of non-homogeneous swelling.

Dynamics of interlayer hydration

Calculated changes in water-layer abundance in

MX80 samples at three different initial hydration states

during hydration (Figure 4) indicated an initial water-

layer abundance which contained 94% dehydrated

structures (0-WL) in MX80 dry powder. Although this

powder was designated as a dry powder, it contained

~6% of 1-WL prior to solution infiltration (Figure 4a).

After solution uptake, 2-WL was the dominant structure

in the dry powder for most of the hydration process.

Hydration reached a ~70% maximum around 1030 h,

which was followed by a 14% decrease by the end of the

experiment. The 3-WL structure developed slowly and

continuously into a dominant (78%) quasi stable-state

structure with 8% 4-WL after a 3050 h hydration period.

Initially, the moist MX80 sample contained 1-WL

(5%) and 2-WL (4%) before solution infiltration

(Figure 4b). During the first 300 h of the experiment,

all non-hydrated smectite interlayers were completely

replaced by 1-WL and 2-WL structures. The 1-WL and

Figure 3. Total water uptake into pressed MX80 bentonite powders of different initial hydration states and bulk densities, as

determined by weight gain.

Table 3. Water uptake into the various storage sites of MX80 montmorillonite and calculated saturation velocities as a
function of different initial hydration state.

Dry MX80 Moist MX80 Wet MX80

Total water
Initial amount (mL/g) 0.001 0.09 0.23
Quasi-stable state (h) 3720 3130 1998
Final content (mL/g) 0.36 (5040 h) 0.54 (3130 h) 0.32 (3150 h)
Rate (mL/g/h) 7.1610�5 1.7610�4 5610�5

Interlayer water
Quasi-stable state (h) 3720 1449 1998
Final content (mL/g) 0.31 (5040 h) 0.36 (3130 h) 0.26 (3150 h)
Proportion (%) 86.1 67.9 81.3

External (surface and pore) water
Quasi-stable state (h) 3720 1997 1998
Final content (mL/g) 0.05 (5040 h) 0.18 (3130 h) 0.06 (3150 h)
Proportion (%) 13.9 32.1 18.7
Saturation
Saturation velocity (m/s) 2.0610�9 2.1610�9 3.3610�9

Saturation through 1 m (y) 17.7 14.9 9.5
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2-WL structures reached a maximum of 35% after 490 h

for 1-WL and after 682 h for 2-WL. The 3-WL structure

replaced the 1-WL and 2-WL structures relatively early

and 3-WL abundance was >60% by the final stages of

the experiment. The 4-WL structure was also detected

and formed by replacing 2-WL and 3-WL. In addition,

the broad shape of the XRD pattern at low 2y angles

(data not shown) indicated the presence of even thicker

hydrated structures, which were best fitted using an

assumed d001 of ~22.8 Å. For simplicity, this structure

was referred to as a 5-WL structure, although the precise

organization of the water layers was not clear. The 5-WL

structure may reflect gel formation in pores that were

available due to the lower bulk density. At the end of the

saturation experiment, the powder apparently contained

9% of 5-WLs, 30% 4-WLs, and 61% 3-WLs.

The wet MX80 bentonite had a significantly different

interlayer hydration pattern than the dehydrated (dry and

moist) bentonite samples (Figure 4c, Perdrial et al.,

2009). Because the sample already contained a relatively

large amount of water (0.23 mL/g), the initial hydration

state had relatively thick water-layer structures with

40% 1-WL, 15% 2-WL, and 45% 3-WL. The subsequent

water-layer development pattern was less complicated

with a gradual 3-WL increase which remained the most

abundant structure. This gradual increase corresponded

to a gentle decrease in 1-WL and 2-WL structures,

whereas ~10% of a 4-WL structure formed after 1500 h

and remained unchanged until the end of the experiment.

In all experiments, 3-WL structures were most abundant

until the end of the experimental run.

Besides relative water-layer abundance, the XRD

patterns contained statistical information on the organi-

zation of water layers within smectite particles, which

can be expressed using the Reichweite (R) value

calculated using CALCMIX software. The R value is a

Figure 4. Development of water-layer structures in montmorillonite during hydration of MX80 bentonite, as determined by

calculations using CALCMIX (Plançon and Drits, 1999) for dry (a), moist (b), and wet MX80 (c). Encircled numbers stand for water-

layer thickness. Data for part c from Perdrial et al. (2009).
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measure that describes ordering probability, which

ranged from zero (R = 0) for a random WL arrangement

to one (R = 1) for these XRD patterns. In a two-

component system, R = 1 reflects the sum of probabil-

ities of adjacent water layers of the same type. Values of

R >1 did not appear applicable to the XRD patterns and

were, therefore, not used in the calculations.

An example of the ordering probability for different

WL structures formed during hydration was calculated

for dry MX80 at two end-member hydration stages to

show hydration effects on WL ordering (Figure 5). The

probability that a dehydrated (0-WL) structure was

adjacent to another 0-WL structure was always very

high (p00 = 0.57 to 0.94) during the first 480 h of

infiltration. Other high probability combinations were

1-WL (p10) and 2-WL (p20) structures adjacent to a

0-WL structure with both p10 and p20 values of 0.7�0.9

(Figure 5a). The 3-WL structure dominated with

abundances of 45 to 81% when the system approached

saturation (Figure 5b), which resulted in high p33 values

that ranged from 0.56 to 0.91. Although 2-WL structures

decreased with hydration, the probability of neighboring

2-WL structures remained consistently high (p22 =

0.6�0.7). The 4-WL structure location was more

frequently adjacent to other thickly hydrated structures

than to less-hydrated structures with p44 = 0.4�0.5 and

p43 = 0.5.

Changes in WL-structure ordering were illustrated by

plotting the deviation from random (R = 0) ordering for

the initial dry and final saturated stages of hydration

(Figure 5c,d). A positive deviation implies that the

probability of a particular WL ordering was increased,

whereas a negative deviation implies that the probability

was decreased. Little variation from random stacking in

the initial dry state occurred and layer probabilities did

not exceed 0.31. A small number of systematic devia-

tions from random were observed: positive p11 and p22

values and negative p21 and p12 values. In contrast,

clearly reproducible deviations from random occurred by

the final stages of apparent saturation, where enhanced

probabilities for adjacent same-thickness WL structures

with positive p22 values (0.2�0.64), p33 values

(0.09�0.22), and p44 values (0.27�0.4) occurred. In

contrast, all combinations with different adjacent WL

structures were less probable. This was especially true

for the probabilities that a 2-WL structure followed a

Figure 5. Ordering of mixed water-layer structures (dark gray bars) expressed as probabilities (p) and the corresponding water-layer

abundance (light gray bars) for (a) dryMX80 in the initial dry state and (b) the saturated state. Ordering probabilities expressed as the

deviation from the random stacking state (R=0) in the (c) dry state and (d) saturated state.
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3-WL structure (p23 = �0.15 to �0.61), a 4-WL

followed a 3-WL structure (p43 = up to �0.31), and a

4-WL followed a 2-WL structure (p42 = up to �0.42).

The deviations were less reproducible and were close to

the zero line for other combinations, indicating random

ordering. The other MX80 bentonite hydration states

(moist and wet) had similar patterns with the probability

of adjacent same-thickness structures always enhanced.

The patterns of increased WL ordering within

particles could indicate that single aggregates of

particles are hydrated around the same water-filled

micro-pore. This ordering pattern does not match the

distinct random (R = 0) or ordered (R = 1) character of

mixed-layered hydrated Na-smectite described by Moore

and Hower (1986), where smectite was hydrated by

changing the relative humidity.

Quantification of water-storage sites

In addition to interlayer water quantification, determina-

tion of the relative water distributions within interlayer,

external surface, and pore-storage sites during bentonite

hydration was important (Figure 6). For the dry MX80

powder, total water uptake and the water adsorbed within

interlayers were almost identical for the first ~2500 h, but

small quantities of external water were present after 2500 h

(Figure 6a). Final total water after 5040 h was 0.36 mL/g,

with ~86% in interlayers (0.31 mL/g) and ~14% in external

storage sites (0.05 mL/g, Table 3). The largest water

proportion of 0.15 mL/g after ~310 h was external water

during early-stage hydration of the moist MX80 bentonite

powder (Figure 6b). This external water was most likely in

pores and served as a hydration reservoir for interlayers.

Figure 6. Water uptake into the different storage sites during hydration of MX80 bentonite of different initial hydration states and

bulk densities for (a) dry, (b) moist, and (c) wet MX80. The term ‘internal water’ refers to the water absorbed in the interlayers; the

term ‘external water’ refers to both surface and pore water. Data for part c from Perdrial et al. (2009).
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This behavior partly contradicts findings by Saiyouri et al.

(2000) who stated that the first step in smectite hydration is

always interlayer hydration, which is then accompanied by

the hydration of newly accessible surfaces. After 490 h,

interlayer water uptake dominated and stabilized after

~1450 h. The final amount of water adsorbed was

0.54 mL/g after 3130 h with 68% (0.36 mL/g) in interlayers

and ~32% (0.18 mL/g) in external storage sites.

The wet MX80 sample contained 0.18 mL/g inter-

layer water and 0.05 mL/g external water prior to

solution inflow (Figure 6c; Perdrial et al., 2009).

External surface-water and pore-water contents

remained relatively constant at ~0.05 mL/g and most

water was in the interlayers. After 3150 h, total water

was 0.32 mL/g with ~81% (0.26 mL/g) in interlayers and

~19% in external sites (0.06 mL/g).

The patterns of hydration show clearly that the

storage of water in both the dry and wet MX80 samples

showed similar characteristics. Both incorporated less

external water than the moist MX80 sample and the

storage sites were occupied in a similar way, with >80%

of water stored in interlayers and <20% available as non-

interlayer, external water. Such behavior indicated that a

wetted bentonite powder showed equivalent sealing

capacities as similarly packed dehydrated samples,

though pre-hydrated bentonite will have the disadvan-

tage of sudden volume loss and cracking when dried

(Delage et al., 1998; Cui et al., 2002).

Accessible surface-area evolution during hydration

As commonly observed during hydration, decreased

particle thickness and interlayer expansion made inter-

layer surfaces more accessible as layers split and

detached during water uptake (Tessier, 1990). Such a

mechanism would be expected to increase the accessible

surface area available for adsorption. Changes in particle

thickness were used to estimate theoretical changes in

accessible surface area and adsorption sites. The mean

particle thickness of the dry MX80 sample decreased

from 19 to 7 layers, corresponding to a theoretical

accessible surface area increase from 30 to 81 m2/g

(Table 4). In contrast, the mean particle thickness of

moist MX80 decreased from 15 slightly hydrated layers

to three layers and the accessible surface area theoreti-

cally increased from 38 m2/g to ~190 m2/g by the end of

the experiment. This corresponds to a five-fold increase

in accessible surface area when saturated. The difference

between the two samples indicated that particle splitting

was not as significant in the more compacted, dry MX80

sample as in the moist, less compacted sample.

Scales and mechanisms of confined-volume MX80

hydration

The results of the hydration of smectite can be

visualized as a process that occurs at a variety of

different sites, namely the lattice interlayers, the external

surfaces of particles, and the voids between particles in

single aggregates (intra-porosity) and multiple aggre-

gates (inter-porosity; Figure 7). The effects of the

confined-volume condition and the generation of swel-

ling pressure on water storage in these sites are

recognizable at a range of different scales. An influence

at the lattice layer scale is visible for the sample with the

lowest total and dry bulk density, the moist MX80

Table 4. Evolution of particle thickness and theoretical increase in accessible surface area as a function of the hydration states
of MX80 bentonite.

— Layers per stack — Accessible surface area (m2/g)
Initial Final Initial Final

Dry MX80 19 7 30 81
Moist MX80 15 3 38 190

Figure 7. Different hydration sites in a smectite powder as a function of scale. Hydration sites are marked with black arrows.
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sample, which developed the thickest water-layer

structures (Figure 4b). In contrast, the samples of higher

bulk density (dry and wet MX80) showed a mixture of

similar proport ions of thinner WL structures

(Figure 4a,c), indicating that the higher density sup-

presses thicker WL development at a layer scale (Warr

and Berger, 2007; Perdrial et al., 2009). The reduction in

the number of 4-WL structures after 1500 h in the

initially dry MX80 can similarly be attributed to the

probable build up of swelling pressure in this sample. On

the particle scale, the influence of the confined volume

is evident from the restricted decrease in particle size

and corresponding increase in accessible surface area.

For example, the mean particle size of the more strongly

compacted, dry MX80 decreased to only seven layers per

particle, in contrast to the three layers per particle in the

moist MX80 sample. A schematic reconstruction is

presented (Figure 8) of the bulk-scale changes that

occurred during hydration of the three different initial

hydration states of MX80 bentonite leading up to

saturation. The initial state refers to the samples after

compaction but prior to solution inflow (Figure 8a�c).

In the case of the dry MX80, the bulk texture was

dominated by relatively thick particles that are closely

packed; leaving only a few air-filled pores that are

probably not well interconnected (Figure 8a). The

relatively large inter-aggregate pores (up to 5 mm;

Delage, 2007), that are strongly affected by compaction

as opposed to smaller pores (>0.2 mm), are not shown

(Delage and Graham, 1996; Delage and Schanz, 2007).

In contrast, particles of the moist MX80 samples

were slightly thinner within a pressed powder of greater

porosity, with interconnected pores that dominated the

texture (Figure 8b). Because the wet MX80 sample

(Figure 8c) already contained significant amounts of

water, fewer air-filled pore spaces were left after the

initial stages of hydration. The texture was, therefore,

dominated by a decreased particle thickness with already

partly hydrated interlayers and water-filled pore spaces

that were, possibly but not necessarily, interconnected.

During the infiltration of solution and initial hydra-

tion, the dry MX80 sample took water in slowly and only

the interlayers were hydrated. Because of the lack of

interconnected pores, the hydration was likely to have

proceeded as a hydration front (Figure 8d). Where water

came in contact with the powder, the interlayers of the

Na,Ca-montmorillonite began to hydrate. The particles

adjacent to the same pore space probably took up similar

amounts of water and formed aggregates with similar

WL abundance. In contrast, results of the storage sites

from the moist MX80 sample indicated that hydration

took place via redistribution of pore water into the

Figure 8. Schematic sketch of water uptake and hydration of smectite in confined-volume conditions (bulk textural scale) for

different initial hydration states and bulk densities. (a�c) Initial stages prior to solution infiltration; (d�f) texture during hydration;

and (g�i) texture at saturation.
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interlayer sites (Figure 8e). Other than in the dry and

moist MX80, the wet MX80 sample did not change

significantly during infiltration of solution and the

amount of pore water stayed roughly the same. Only

some additional interlayer hydration was observed and

the particle size decreased accordingly (Figure 8f).

When the steady state was attained at the end of each

experimental run, the complete saturation state was

probably not attained and some isolated air-filled pores

probably remained. The (initially) dry MX80 sample had

the smallest water- or air-filled porosity, whereby the

interlayers were well hydrated and the final particle

thickness was relatively decreased (Figure 8g). The

moist MX80 sample still contained important amounts of

open pore spaces, probably filled with water and/or clay

gels. The particle thickness had already been decreased

significantly and the swelling capacity of this sample

was reduced (Figure 8h). Although confined-volume

studies conducted by Pusch (2001) showed that even at

very high bulk densities, interconnected ‘‘external’’
voids can be filled with more or less dense clay gels,

neither the dry nor the wet MX80 showed signs of gel

formation. In the wet MX80, some pore water was

present but the amount was far less significant

(Figure 8i).

Implications for designing bentonite seals in

underground repositories

The different methods of preparing bentonite materi-

als currently being tested as potential backfill, e.g.

pellets, pellet/powder mixtures, and highly compressed

blocks, exhibit a range of different textures and behave

differently during water saturation. In the case of

compressed blocks, a system of gaps and joints occurs

(Gattermann et al., 2001) which acts as a water reservoir

for interlayer hydration (Figure 8e). Because interlayer

expansion will eventually seal the irrigation pathway,

the remainder of the process should be expected to

proceed by surface-controlled rates of diffusion and,

therefore, be very slow. Based on the results of water-

uptake rates for the different MX80 experiments, with

dry bulk densities between 1.23 and 1.41 g/cm3, the time

required to saturate a 1 m thick bentonite barrier can be

estimated based on the distance across the reaction cell

(24 mm) and the time required to reach maximum

hydration. The saturation velocities lie between ~2 and

5610�9 m/s and lead to time spans of between 9.5 and

almost 18 y to attain the stable state (Table 3).

In addition, the results indicated that the gaps and

joints of the irrigation system may still contain gels after

saturation (see Figure 8h). This point is significant

because gels lead to lower hydraulic conductivity and

influence the rates and mechanisms of elemental

transport (Pusch, 2001; Pusch, 2006b). In contrast to

smectite particles, gels are isotropic and, thus, transport

becomes independent of the fabric. In the case of pellets

or pellet/powder mixtures, the inter-pellet pore space

should also act as reservoir sites; but, due to the greater

degree of textural heterogeneity, the system may be

more successful in closing these voids.

The results of this experimental study confirmed that

a highly compressed dry bentonite is better than less

compacted bentonite for use as backfill. Although the

less compacted material in the present study revealed

extensive water uptake and swelling (e.g. Figure 8i),

note that any drying event and accompanying shrinking

would result in the opening of cracks and voids that

would eventually lead to the formation of pathways for

circulating solutions (Montes-H. et al., 2003).

CONCLUSIONS

Small-scale laboratory reaction cells can be applied

successfully to confined-volume bentonite behavior

using XRD techniques and can provide experimental

constraints for engineering seals in underground nuclear-

waste repositories. Combined with peak calculations

(CALCMIX), specific parameters can be studied qualita-

tively and quantitatively to determine interlayer hydra-

tion, water distribution, WL ordering, particle thickness,

and changes in accessible surface area.

Different initial hydration states and bulk densities

have a large effect on water uptake and distribution into

interlayer, external surface, and pore-storage sites.

Water uptake by moist MX80 was greatest for the

greatest dry porosity and a large proportion of external-

surface water and pore water developed. Dry and wet

MX80 were more densely packed, had lower dry

porosities, and had significantly less external surface-

water and pore-water uptake.

The ordering of WLs and particle thicknesses reflect

hydration in a confined reaction volume. Greater

probabilities for similar adjacent water structures might

indicate that simultaneous hydration occurred around the

same water-filled pores. As particle thicknesses

decreased during hydration, the accessible surface area

increased, but to a lesser extent than in free-swelling

systems. A bulk density increase of <15% led to a

decrease of >50% in the accessible surface area.

Confined-volume swelling effects on water storage

sites in MX80 during hydration can be recognized at

multiple scales that range from montmorillonite lattice

layers to the bulk material. Different initial hydration

states and bulk densities influence interlayer water

thickness, the extent of particle splitting that generates

new accessible surface area, and bulk changes in pore

space.

Poorly to moderately packed bentonite hydration

states that could be used to fill gaps in repository sites

contain significant amounts of surface water and pore

water during initial hydration stages. External-surface

water and pore water act as reservoirs to hydrate

adjacent montmorillonite particle interlayers. Some of

this water might also form gel in trapped voids.
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